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An electric network is constituted by generators providing power to various loads. The induction machine is the
most common motor in the industrial applications because of its simplicity of construction, its reliability and its
low cost. It allows the constant speed applications when it is directly supplied by the network and variable speed
ones with the use of power converters. These speed drives induce important harmonic perturbations in the power
system and in the motor side. In this context, we are interested by the frequential modelling of the induction
machine in order to simulate the line current with its harmonic components. In order to use the induction
machine models, it is necessary to identify their parameters and therefore realizing specific and sufficiently
informative tests. Several tests of identification are presented in the literature; their differences and their
relevance have not been discussed. This study deals with the realization and the comparison of several types of
frequential tests (constant voltage, constant V/f, injection of DC current) for induction machine models
identification. The comparison of the simulation results with the experimental measurements allows electing the

most representative of the induction machine behaviour.
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1. Introduction

With the widespread use of power electronics in the electrical equipments, the absorbed currents are less and less
sinusoidal. The number and the unit power of the non-linear loads lead to network voltage disturbance,
especially due to the injection of the harmonic perturbations. In the context of a decentralized production, with
the possibility of isolated working, these phenomena are easily increased and can then seriously compromise the
quality and the availability of the distributed energy. From these different facts, there is an interest of analyzing
accurately the interactions between the non-linear loads and the power system.

The induction machine is the most common motor in the industrial applications. It allows the constant speed
applications when it is directly supplied by the network and variable speed ones with the use of power
converters. These speed drives induce important harmonic perturbations in the power system and in the motor
side.

Consequently, the analysis and the simulation of low frequency disturbances [SOHz — 1kHz] require an adapted
modelling of the machine and its supply. This paper proposes a circuit type frequential model of the induction
machine in view of the electrical network simulation. This model allows the reproduction of the main low
frequency components of the line current when the machine is supplied by non-sinusoidal voltages.

Some of the models studied in the literature use integer orders based on resistances and inductances circuits in
parallel or in ladder [1], [2]. Others use non integer orders based on the integration of fractional order impedance
in the rotor circuit [3], [4]. In [5] various induction machine models are compared and their performances and
their validity domains are discussed.

In order to use any model, its parameters have to be easily determined. In the literature [1], [4], [6] and [7],
several procedures of identification tests are proposed. They are realized with blocked rotor (harmonic
excitation). Among these measurement methods, it is necessary to choose the most representative, thus, the one
that allows the parameters determining in the nearest conditions to the machine real working.

The aim of this work is identifying the best method, thus each one is studied and its representativity is tested
using an experimental benchmark. Which is constituted by an industrial 5.5kW induction machine and its
variable speed drive. This benchmark allows observing the real phenomena appearing in the machine supplied
by non sinusoidal voltage. It is also useful as reference in all the identification phases and for the models
validation.

The first part of this paper presents briefly the methods of the induction machine frequential modelling presented

in the literature. The most representative model will be used for the identification methods comparison [5].



In the second part, the identification measurements are treated. We begin by the description of classical and
frequential tests. The measurement methods are then compared and the machine representativity is discussed.
The effect of the induction machine non-linearity on the frequential behaviour and the importance of the
magnetic flux level during the tests are highlighted.

In the last part, a genetic algorithm is used to determine the parameters of the machine model. The line current
computed by the induction machine model is compared to the measurements for each identification method and

the efficiency of the various identification measurements is discussed.

2. Frequential modelling of the induction machine

Concerning the induction machine modelling, several studies have showed that the generalized equivalent
circuits are necessary for harmonic analysis [2], [8], [9]. In this context, these models take into account the
frequency effect and two families can be identified :

- Integer order models [10], [11]: They are based on the fundamental model of the induction machine
with the rotor conductors represented by RL cells representing the massive conductor [2], [12].

- Non integer order Models [2], [4], [13] : The application of non integer orders in machine modelling
has been used in several studies [14], [15]. The frequency effect on the single bar impedance is studied
in [16] with a non integer order modelling. In [17], this approach is extended to the complete model of
the induction machine by including a non integer order representation of the rotor.

Otherwise, a model based on the superposition principle and taking into account the influence of the voltage
supply has been studied in [5]. One part of the model is used to describe the fundamental behaviour of the
induction machine and another one represents the harmonic contributions (Fig 1). The summation of the
resulting currents gives the machine line current. The fundamental component is represented by the classic
single-phase model of the induction machine (Fig 1_a). The harmonic components are obtained with the help of
RL circuits representing the massive conductor behaviour[2][12] (Fig 1_b). The superposition principle induces
that the fundamental and harmonics phenomena are independent. The advantage of this model is to eliminate the
harmonic influence if the induction machine is supplied by pure sinusoidal voltages. Moreover, the experimental
identification tests of the two parts of the model, fundamental and harmonics, are completely dissociated. The
fundamental model parameters can be identified by usual measurements at no load and at blocked rotor for the
nominal frequency of the machine. The harmonic model must be determined with another specific experiments

that must be enough informative. According to the study in [5], this model represents correctly the induction



machine frequential behaviour around its operating point thus, it will be used in the following for comparing the

identification methods.

3. Measurement methods in view of the induction machine frequential models
parametrical identification

It is clear that the frequential behaviour of the machine is better described using a frequential approach than a
temporal approach [18]. Indeed, the frequential approach is generally on the one hand easier to apply and it
represents less risk for the machine compared to some temporal responses like a step response. On the other
hand, the measurements are less sensitive to the noise because the sinusoidal signals are defined at a given
frequency and they can be easily decorrelated from the noise.

In the literature [1], [4], [6], [7], several tests are used to characterize the frequential behaviour of the induction
machine. They are called harmonic excitation tests and are frequently realized with blocked rotor. They lead to
the identification of the machine single phase impedance and they describe its evolution according to the
frequency. The first one consists in imposing a sinusoidal voltage with constant amplitude and variable
frequency. The second test is the SSFR method (StandStill Frequency Response) which imposes constant
voltage-frequency ratio. Finally, the third test is based on the injection of a sinusoidal current with a DC

component for increasing the magnetic flux in the machine.

3.1. Constant voltage and variable frequency

This experiment is done with a blocked rotor and the stator is supplied by a sinusoidal reduced voltage with
constant magnitude and variable frequency [1]. Before realizing the measurement, it has been verified that the
rotor position has no impact on equivalent induction machine impedance.

Usually, these low voltage tests ( < 1V) are realized with an impedance analyzer [1], [19]. Thus, the impedance
variation of our induction machine has been then measured with an impedance analyzer (HP4192A) for a supply
voltage of 0.5V. In order to realise tests with higher voltages, a three phase controlled voltage source has also
been employed. Finally, three tests have been realized for three voltages (V,=32V, V=16V, V3:=0.5V) and for a
frequency range of [40Hz — 1kHz]. The variations of the neutral to phase impedance are presented in Fig 2.

For V;=0.5V, the impedance evolution is similar whatever the measurement device is: impedance analyzer or
controlled voltage source. The impedance norm increases in quasi linear manner. Nevertheless, for the tests at

V=32V and V,=16V, the norm increases in a non linear way with a changing slope. This non linearity has been



mentioned in [1], but it has not been discussed because the studied tests were only made at low voltages with an
impedance analyzer.

Before explaining the phenomenon, it is important to note that the observed non linearity is difficult to analyze
when the magnetic hysteresis phenomenon is taken into account [6]. The measured impedance value would also
depend on the machine initial state, so it would depend on its last magnetization point. In order to minimize the
influence of this phenomenon, we have supplied the machine before each test by a sine voltage at 50Hz before
decreasing progressively the current until the retentive effect becomes very low. Thus the hysteresis will be
neglected in the following analysis.

Considering the evolution of the magnetic permeability of various steels used in the electrical machines (Fig. 3),
we observe that the permeability increases first in a non linear way, reaches a maximum localised in an area
usually considered linear and then decreases asymptoticly as when the machine saturates.

The no load operating point of the induction machine is localized at the saturation elbow level (around the point
M, corresponding to H=300A/m and p,=3400) (Fig. 3) which corresponds to a voltage/frequency ratio of
230/50 (V/Hz).

The blocked rotor tests for all the voltages are done with a lower (V/f) ratio than 230/50. Indeed the maximal V/
f values are equal to 32/40, 16/40 and 0.5/40. Thus, the corresponding magnetic flux is low. The measured points
at 40 Hz are localized in an area of low field between points M3 and M, (Fig. 3).When the frequency increases
the magnetic state moves towards M,. Thus, the non linearity which appears in Fig 2 can be explained by the
first material magnetization characteristic.

The non linear evolution of the permeability influences necessarily the machine equivalent impedance. We have

seen that the realized tests correspond to the first part of permeability curve (M; =» M =» M,). For high
frequencies, the permeability becomes very low (point M,). During the measurements, the machine impedance
increases with the frequency and consequently the current and the magnetic field decrease.

In the area H,<H<H3, the permeability decreases, the magnetic leakage increases and :

2

- The dispersion coefficient %’= 1- E increases. M is the stator rotor mutual inductance and L;, is

Ll L 2
the cyclic inductance (i=1 for stator and i=2 for rotor).

. c_ 1 .
- The leakage inductance N, =—-0 L, increases.
m

M
- The relation M= L_ decreases.
1



. C_ R,
- The rotor resistance seen from the stator equal to R, =— increases.
m

The leakage inductance and consequently the imaginary part of the machine equivalent impedance increases
according to the frequency until a value of the magnetic excitation (H=H,) for which the permeability variation
becomes small. This phenomenon can explain the non linearity observed between 100 and 400Hz on the neutral-
phase impedance norm (Fig 2). In addition, when the frequency increases, the skin effect in the magnetic steel
leads to the machine equivalent inductance decreasing. This phenomenon can be seen in Fig 4 where the
equivalent inductance evolution shows a diminution from 400 Hz for the test at V=32V and from 200Hz for
V=16V.

During the test with low voltage V3 = 0.5V, the magnetic field is very low for all the frequency values and
consequently the permeability remains practically constant. Thus, the field has a weak influence on the
impedance variation according the frequency. However, this low voltage corresponds to a magnetic state far
from the nominal operating point of the induction machine. Concerning the tests at V; =32V and V,= 16V, the
permeability varies and consequently the parameter identification can not be representative of a single state of

the induction machine.

3.2. Standstill Frequency Response test (V/f=cst)
From the analysis of the previous measurements, it seems necessary to keep the same magnetic state in all the
frequency bandwidth in order to identify the machine frequential behaviour without introducing the
supplementary variations relied to the material characteristics.
The SSFR method (Standstill Frequency Response) [6] is used to determine the frequential characteristics of the
blocked rotor machine. The stator is supplied by a sinusoidal voltage source with variable amplitude and
frequency (Fig 6). The ratio V/f is kept constant when the frequency varies. Thus the current amplitude is nearly
steady. The method is normalized for the synchronous machine identification and adapted for the induction
machine after some simplifications [20][21][22]. Indeed, the induction machine rotor is symmetrical, so no rotor
positioning is required and it is not necessary to separate the measurement of operational direct and quadrature
impedances. Moreover, since the induction machine does not have excitation winding, there are no
measurements in the rotor.
The three-phase source used previously is well adapted to the SSFR because it can deliver low voltages at low

frequencies and relatively high voltages at high frequencies. This controlled voltage source can then imposes a



constant V/f ratio. If the stator resistance is neglected, the magnetic flux is considered as steady in the machine.
The magnetic permeability is then independent on the frequency (Fig 7).

Since the choice of the ratio (V/f) can have an influence on the machine impedance, tests have been realized for
various values comprised between 50/1000 and 100/500 [V/Hz]. Compared to the nominal point value 230/50
these ratios correspond to operating points localized between the points M; and M, (Fig. 3). The evolution of the
norm and the argument of the phase-neutral impedance depending on the frequency are presented in Fig 5 for
four V/f values.

It appears that the non linearity observed during the identification tests with constant voltage (Fig 2) is not

present in the SSFR measurements. The machine equivalent inductance depending on the frequency (Fig 7)

corresponds to a l/ Jf behaviour, according to the skin effect in a massive conductor [5].

The usual V/f ratios employed in the SSFR method tests are low. This induces a weak flux compared to the
nominal one. In order to increase the flux, the V/f ratio must be increased. But nominal ratio is not allowed
when the machine has a blocked rotor. Indeed, at V/f = 30/40 (nominal ratio 230/50) the machine already
absorbs its nominal current of 10A. When the frequency varies from 50Hz to 1 kHz, the voltage source must
supply a higher voltage varying between 30V and 750V.

Knowing that the V/f variations have an important impact on the operational impedance variation, this kind of

measurement remains insufficient to represent the nominal behaviour of the machine.

3.3. SSFR test with DC current

In order to approach the machine nominal flux, the magnetic level must be increased. In this aim, a current i,
constituted of a sinusoidal component i, superposed to a continuous component /. [4], [7], [23] can be injected
between two of the stator phases, according to the diagram of Fig 6. A voltage source with regulated current is
required, in order to maintain constant the supply current and consequently the magnetic state of the machine,
when the frequency increases.

The experiment has been realized for three continuous components /. = 1A, I.. = 3A and /. = 5A with the same
alternative current component of 350mA. These three tests correspond to three magnetic states of the machine.
The tests have been achieved for three DC current values in order to show the influence of the magnetic state on
the evolution of impedance. The maximal value of 5A is because of the supply which can’t provide more. It
would be interesting to make the test with 10A DC current which is the machine nominal current with an

adapted supply.



Fig 8 represents the variations of the norm and the argument of the neutral-phase impedance depending on the
frequency for these three magnetic states. It can be noticed that the measured equivalent impedance increases
with the frequency whatever the magnetic level is. In addition, there is an important variation of the amplitude
depending on the magnetic state. Indeed, for a given frequency, the impedance decreases when the magnetic
level increases. This kind of test allows increasing the level of the magnetic flux and at the same time it avoids
the problems relied to the constant V/f ratio in SSFR test.

In Fig 9, the machine equivalent inductance decreases according to the frequency. This variation agrees with the

SSFR test and shows that for fixed I the tests are free from the permeability effect.

4. The induction machine models frequential identification

The analysis of the various identification measurements showed the effect of the machine magnetic state which
has an important influence on the operational impedance value and consequently on the identified model
parameters. In what follows, the simulation performances of the harmonic model are compared to the
experimental measurements.

The harmonic model is composed of two distinct models. The first one is classic and represents the induction
machine behaviour for the fundamental frequency. Its parameters are identified using to the usual tests (TABLE
I). The second model represents the frequency influence of the induction machine (Fig 1). The parameters of
TABLE II are obtained with SSFR test with DC current for three magnetization currents.

The magnetization current increasing from 1A to SA induces the resistances R;’ et R, diminution (respectively
31% and 59%) and also a diminution of inductance L,” (53%). The strong diminution of inductance L, (79%)
and the strong increasing of resistance R;* (150%) lead to the equivalent impedance decreasing. It can be noticed
that at I4=5A, the parameters R,” and L,” of the harmonic model are near Rs et N,’ of the usual model identified
at 50Hz.

Fig 10 represents respectively the comparison between the measured and calculated impedances. This figure
shows that the model reproduces correctly the frequential behaviour of the machine with blocked rotor for the
three magnetic states identified by the three DC currents. However regarding the impedance phase the test with

the highest magnetic state (5A) leads to parameters allowing a better representation of the machine.

5. Simulation

The modelling of the induction machine associated to its identification procedure is often realised in the aim of



numerical simulation. The circuit model of the induction machine has been developed in a simulation software
(PSIM) in order to evaluate the influence of the frequential identification on the simulated line currents. The real
line currents measured on the benchmark are used as reference for the comparison with the simulated results.
Firstly, the measured line current drawn by the induction machine and the corresponding voltage delivered by its
PWM speed drive are recorded. In this way, the real recorded voltages supply the induction machine model
during the simulations. This operation allows to simulate the real operating conditions of the machine and to
release some eventual differences owed to the variable speed drive. Consequently, the simulation can not take
into account the possible interactions between the machine and its voltage inverter.

In what follow, the time evolutions and the frequential analysis of the simulated line currents are compared to
the measurements. The speed drive operating point is V=230V, f=50Hz and the line current I = 95%]I, of the
nominal current.

Fig 11 represents the line currents simulated by the harmonic model with the parameters identified for the three
magnetization levels. The time waveforms of the line currents coming from harmonic model are almost the same
as the measured ones for all the DC current. Nevertheless, the current ripples are best described with the machine
model determined with higher DC current. The proposed model structure (superposition principle) separates
harmonics and fundamental representation. The fundamental current is obtained from the usual model which is
the same for the three magnetization levels. The harmonic model impedance corresponding to each
magnetization level does not influence the fundamental current amplitude. It operates only to characterize the
harmonics. This good result on the fundamental component is confirmed by the spectral analysis of Fig 12. In
this figure, when the magnetization level increases, the harmonics amplitudes also increase, approaching the real
levels. But, the higher magnetization level used (5A) remains insufficient to approach the real harmonics
currents.

The differences between simulation and measurement can also be explained by the space harmonic generated by
the induction machine (also machine design, winding, slots,...), when it rotates. These space harmonic are not
taken into account in the identification because the tests are realized with a blocked rotor.

In Fig 13, line currents simulated by the harmonic model with different method of identification is presented. If
the comparison is limited to the fundamental, the line current waveform obtained thanks to all the identification
tests agree with measurements. Concerning the harmonics, among all the identification measurements, the SSFR

with I.=5A leads to the best simulation result.



6. Conclusion

In this article, three identification tests have been compared for the induction machine frequential modelling in
order to reproduce the harmonic perturbations in the line currents. After presenting some induction machine
models coming from the literature, we used a model called “harmonic” for comparing various methods of
identification tests. This model is based on the superposition of two representations: the first one for the
fundamental and the second one for all the other frequential components. In order to identify the model
parameters, we were various kinds of identification tests have been realized on the experimental benchmark and
then analyzed and discussed. The study showed the importance of keeping a constant flux during all the
identification test in order to avoid the non linearity due to the variation of the magnetic permeability. Besides,
we highlighted the influence of the magnetic flux level on the frequential response of the machine during tests
identification.

The comparison of the measurements put in evidence the test which characterizes the best the machine. It
requires the injection of sinusoidal current superposed to a continuous component in order to increase the
magnetic state of the machine and to approach the nominal operating conditions.

Nevertheless, some differences exist between simulation and measurements and the accuracy of the harmonic
model could be improved by taking into account the space harmonics of the induction machine. Another
improving way would be building no linear model allowing the parameters evolution according to the magnetic

state.
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Fig 7 : Evolution of the equivalent inductance of the IM versus frequency (V/f=cst).
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Fig 8 : Phase to neutral impedance norm and argument versus frequency at constant DC current.
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Fig 9 : Evolution of the equivalent inductance of the IM versus frequency (Is. = cst).
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Fig 10 : Phase to neutral impedance norm and argument. Tests (i..+/s), harmonic model.
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Fig 11 : Line currents simulated by the harmonic model and the measurements (Is=cst)
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Fig 12 : The harmonics of the line currents simulated by the harmonic model and the measurements (Is=cst).
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Fig 13 : Line currents simulated by the harmonic model and the measurements
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Fig 14 : The harmonics of the line currents simulated by the harmonic model and the measurements.




TABLE II : Parameters of the harmonic model according to the magnetization level.

TABLE I : Identification of the classical model parameters.

R (Q)

N, (mH)

R(Q)

L,(mH)

R(Q)

0.85

12.5

1.06

137

212.1

V/f VIf VIf VIf v L Lic Lic
50/1000 | 100/1000 | 145/1000 | 100/500 | 0.5V 1A 3A 5A
R/(Q) |8 3.41 1.87 1.44 1.46 1.6 1.3 1.1
L/(mH) |614 47 274 19.8 213 53.2 20.3 11.1
R,(Q)  |204 171 162 101 100 88.8 80.8 36.1
L,(mH) |32 453 52.6 63.7 64.8 99 63.1 46.9
Ry (Q)  |257 215 289 358 398 203 298 506
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